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To the Editor: 

In a separate enclosure I am sending a copy of Bulletin No. 176, en- 
titled “A Metallographic Study of the Path of Fatigue Failure in Copper,’ 
by Herbert F. Moore and Frank C. Howard. This bulletin will be issued 
within the next few days by the Engineering Experiment Station of the 
Uniwersity of Illinois. For your convenience a brief review of the bulletin 
is given below. 

Tf it 1s consistent with your policy, I shall be glad to receive a copy of 
your journal containing this notice. 

Very truly yours, 
M. S. Ketchum, Director 
Urbana, Illinois 
April, 1928 


The study of the failure of metals under repeated stress, commonly 
known as “fatigue” of metals, has usually been carried on by means of 
mechanical tests of strength. It has, however, become evident that a study 
of the nature and mechanism of the progressive fracture which seems to 
constitute fatigue failure may well employ metallographic examination as 
an aid in explaining the beginning and the progress of fatigue failure. Such 
a study of progressive fracture in copper is recorded in Bulletin No. 176 
of the Engineering Experiment Station of the University of Illinois. 


Copper was chosen as the metal for the metallographic study of fatigue 
failure largely because it can be obtained in a state of high purity. It was 
studied cast, rolled and annealed, and rolled, annealed, and then cold drawn. 

Among the conclusions drawn were the following: 


(1) Specimens of rolled copper, subjected to repeated flexure until a 
fatigue crack developed, showed a surface disturbance of the metal in the 
vicinity of the crack. This surface disturbance seems analogous to that 
found by F. F. Lucas in his study of Armco iron, but is much more clearly 
marked in the case of rolled cold-drawn copper. 

(2) The surface disturbance is shown in micrographs of unetched 
‘specimens by lines. The crack as it forms tends to extend parallel to these 
lines, and the lines seem to develop ahead of the crack, and in the direction 
which the crack follows as it progresses. Polishing the surface of a speci- 
‘men removed or covered up all traces of this disturbance. 


Copies of Bulletin No. 176 may be obtained without charge by address- 
ing the Engineering Experiment Station, Urbana, Illinois. 
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A METALLOGRAPHIC STUDY OF THE 
PATH OF FATIGUE FAILURE IN COPPER 


I. INTRODUCTION 


1. Introductory.—The study of the failure of metals under re- 
peated stress, commonly known as “fatigue” of metals, has usually 
been carried on by means of mechanical tests of strength. It has, 
however, become evident that a study of the nature and mechanism 
of the progressive fracture which seems to constitute fatigue failure 
may well employ metallographic examination as an aid in explaining 
the beginning and the progress of a fatigue fracture. This bulletin 
records such a study of progressive fracture in copper. 


2. Acknowledgments——Most of the micrographs shown in this 
bulletin were taken by Mr. K. L. Schanbacher in connection with his 
bachelor’s thesis in chemical engineering, and the writers wish to 
make a very special acknowledgment to him for his diligence and 
care in that work. 

This study has been carried on as a part of the work of the 
Engineering Experiment Station of the University of Illinois, and has 
been under the general administrative direction of Dean M. S. Ket- 
chum, director of the Engineering Experiment Station, and of Profes- 
sor D. B. Keyes, head of the Division of Applied Chemistry, and Pro- 
fessor M. L. Enger, head of the Department of Theoretical and Ap- 
plied Mechanics. 


Il. Merattocraruic Stupy or Fatigue Faure IN COPPER 


3. Previous Metallographic Studies of Fatigue Cracks.—Various 
investigators have taken micrographs of fatigue cracks and Mr. F. F. 
Lucas, Metallurgist of the Bell Telephone Laboratories, New York, 
has made a very careful study of the path of fatigue failure in Armco 
iron.* 

In his investigation of the path of fatigue failure, with magnifi- 
cations ranging from 100 to 4800, he found that in the case of Armco 
iron: 


“1, Non-metallic inclusions in Armco iron are a potential source of 
weakness when such metal is subjected to reversed cycles of stress. 


*Lucas, F. F., “Observations on the Microstructure of the Path of Fatigue Failure in a 
Specimen of Armco Iron,” Trans. Am. Soc. for Steel Treating, April, 1927. 
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“2 Tron carbide when occurring as inclusions in Armco iron is not a 
source of weakness. } 

“3 Non-metallic inclusions seem to be insecurely seated in the metal 
and the boundary between the inclusion and the metal is the path often 
followed by the fatigue crack. 4 

“4. The non-metallic inclusions act as ‘stepping-stones’ for the fatigue 
crack. 

“5 Grain boundaries do not appear_to be a potential source of weak- 
nes 


nm 


“6. Reversed cycles of stress appear to produce disturbances in the 
structure of the metal in advance of the visible crack, as disclosed by lght 
etching. This condition at times can be disclosed by deeper etching. 

“7. Disturbances in the metal structure adjoining the path of fatigue 
failure seem to be highly localized to the immediate neighborhood of the 
crack. 

“8. Slip planes, strain lines, Neumann bands or other similar markings 
were not found if the strained condition of the metal immediately adjoin- 
ing the crack is disregarded.” 

4. Material Studied—Copper was chosen as the metal for a 
metallographic study of fatigue failure largely because it can be ob- 
tained in a state of high purity. It was studied cast, rolled and an- 
nealed, and rolled, annealed, and then cold drawn. The cast copper 
was furnished by the Western Electric Company and is their com- 
mercially pure cast copper. The rolled copper was furnished by the 
Bridgeport Brass Company. The chemical content of the two lots of 
copper was as follows: 


RoiiteEp AND ANNEALED COPPER 


Auso CoLp-pRAWN CopPER FROM BripGE- Cast Copper FRoM 
port Brass Co. WestEeRN ELEctRIC Co. 
Copperas cauraonenate 99.895 percent CopperandSilver........ 99.91 per cent 
Carbolinentinasisce a: oe eee ie oe nil TL Vier satin cinta ees eee 0.006 per cent 
li Qoy ole ois ae aeRe sine pete Orc nil LiGaidiertriase oe Siecenere 0.01 per cent 
Mian ramese's.is;. erect Soar rece nil Electrical Conductivity 
IPNOspMOnUstieinnce serene oe nil (International Stand- 
Sulphureeee aes omens oe ie nil TCL) eee ae eS Ree 100.1 
PA CNN AAT ee cris, Sorter hee seers nil 
LING eres fo Moers Resets meee nil 
1 BENz (6 lated area renee cues MiB ie nil 
i Rihaierosmuns 4 uanierea each costes nil 
Oxygen and Copper 
ORIG aera e cor s oe 0.105 per cent 


The rolled and annealed and the cold-drawn copper were given 


the following mechanical treatments at the works of the Bridgeport 
Brass Company: 


Rolled and annealed copper: extruded at 1880° F. to 1 inch round; 
pickled and washed; drawn to % inch round; annealed at 1290° F. in oxi- 
dizing atmosphere for 30 min.; pickled and washed; drawn cold to 34 inch 
round; annealed for 30 min. at 1290° F. in oxidizing atmosphere; pickled 
and washed. 

_ Cold-drawn copper: treated as above, then cold drawn to % inch 
diameter in one operation. 
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Fic. 1. Specimen Usep in ReEpHATED-STRESS TESTS 


5. Apparatus and Specimens for Developing Fatigue Crack.—The 
test specimens in which fatigue cracks were developed are shown in 
Fig. 1. The specimen was clamped at its upper end and the lower end 
was bent back and forth in a plane perpendicular to the plane of the 
paper. The points of maximum bending stress were at the Junction 
of fillet (44-inch radius) and the narrower part of the specimen. Fig- 
ure 2 shows a specimen with a fatigue crack in it. Figure 3 shows 
the testing machine used to subject the specimen to cycles of re- 
peated stress. The specimen WN is fastened at one end to the calibrated 
spring M and the other end is vibrated back and forth by the con- 
necting rod K, which is operated by the variable-throw crank D. If 
the throw of the crank D is increased, the bending moment is in- 
creased, and the deflection of Q, a concave mirror attached to the 
calibrated spring, is increased, causing a motion of the ray of light 
reflected from the lamp L to the screen S. The image of a filament of 
the lamp is focussed at S. The length of the band of light, reflected 
on the screen S as the machine runs, is a measure of the bending 
moment, and hence of the range of flexural stress in the specimen. A 
counter is provided to measure the number of cycles of stress applied. 


6. Procedure in Etching Specimens——Each specimen studied was 
polished over the surfaces near the fillets, using Nos. 1 to 0000 emery 
paper and, finally, jeweler’s rouge. Various etching solutions were 
tried to bring out the microstructure of the copper. Some etching 
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Fig. 2. Macrocrarye or FAticguE Cracks IN COLD-DRAWN 
CoprER SPECIMEN (x 3.5) 


Fic. 3. Testing Macuine Usep ror REPEATED-STRESS TESTS 
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Fic. 4. MicrocrarpH or Drawn AND ANNEALED CopprEr (x 840) 


Etched with concentrated nitric acid. 
H—"Herringbone”’ structure; L—‘‘Laminated”’ structure; M—‘‘Mottled”’ structure. 


solutions recommended in Bureau of Standards Scientific Paper S 399 
were tried, as was ammoniacal hydrogen peroxide, followed by a dip 
in concentrated nitric acid, as recommended by Pulsifer.* However, 
the most satisfactory procedure in etching was found to consist in 
merely dipping the specimen in concentrated nitric acid and removing 
it as soon as the oxides of nitrogen began to be evolved. This pro- 
cedure was followed for nearly all the specimens studied. 


7. Procedure in Developing a Fatigue Crack.—The endurance 
limit for pure copper either rolled and annealed or cold drawn is ap- 
proximately 10 000 Ib. per sq. in.+ Fatigue cracks were developed by 
subjecting specimens to 250 000 cycles of a reversed flexural stress 
of 15 000 lb. per sq. in. This procedure developed a fatigue crack in 
each specimen tested (see Fig. 2), but did not cause complete fracture. 


8. Structure of Specimens Before Being Subjected to Repeated 
Stress —The appearance of the annealed copper before being stressed 
is shown in Fig. 4. It is noted that there are three types of structure vis- 


*Pulsifer, H. B., ‘‘Microscopic Structure of Copper,’ Mining and Metallurgy, January, 1926. 
tSee Univ. of Ill. Eng. Exp. Sta. Bul. 152, p. 58. 
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Fic. 5. Microcrari or Coip-pRAwN Copper, LonairupINAL Secrion (x 400) 


Etched with concentrated nitric acid. 
H—‘Herringbone”’ structure; L—‘‘Laminated”’ structure; M—‘‘Mottled”’ structure. 


ible which, from their appearance, may be designated as “laminated,” 
“herring-bone,”’ and “mottled,” respectively. The same varieties of 
structure were exhibited by the cold-drawn copper before being sub- 
jected to repeated stress, as shown in Fig. 5. It is noted that the grains 
in this case were very much elongated in the direction of drawing due 
to the mechanical work. The transverse section of cold-drawn copper, 
shown in Fig. 6, does not show this elongation of the grains but the 
grains are very much smaller and the structure apparently somewhat 
finer in some of the grains than is the case along longitudinal sections. 
It may also be noted that some of the grains are not in the same plane 
as the surface of the specimen, and this is shown in the micrograph 
by a decided blurring of the edges. 

A micrograph with a magnification of 11 500 diaineters was 
obtained for one of the mottled grains and is shown in Fig. 7a. If 
the herring-bone structure (e.g. at H Fig. 4) is due to the action 
of the nitric acid on the material between or along cleavage planes, 
then apparently Fig. 7a shows a grain that has begun to break up 
along planes at right angles to the main cleavage planes. This, 
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Fia. 6. Microcrapu orf CoLp-prRAwNn Copper, TRANSVERSE SECTION (x 1300) 
Etched with concentrated nitric acid. 


therefore, would seem to indicate not only that there is a set of second- 
ary cleavage planes at right angles to the primary cleavage planes 
but also that in this particular case the annealing not only failed 
to remove the evidences of strain within the crystal but also failed to 
“heal” a grain that had started to disrupt. 

The distance between the laminated or parallel lines in the micro- 
graphs (Figs. 4, 7, 18, and 19) can be measured and then the corre- 
sponding distance in the specimen can be calculated. It was found 
that this distance varied from 0.0004 to 0.001 millimeters. These dis- 
tances are well within the theoretical resolving power of the objectives 
used. The theoretical resolving power is the smallest distance that 


r F 
may be resolved optically; or d= 2a where \ = the wave length of 


light used in mm., a = numerical aperture, d = the smallest resolvable 
distance in mm. A Bausch and Lomb green filter was used in this 
work so that \ = 0.00053 mm.; for the oil immersion objective a = 1.3, 
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Fic. 8. Microcraru or Casr Copper (x 800) 
Etched with concentrated nitric acid. 


therefore d = eee = 0.0002 mim. 
De<ales 

Figure 8 shows the structure of a piece of the same copper as 
shown in Figs. 4 and 5 after being remelted and cast into a mold. The 
laminated and herring-bone structures seem to be absent in this case; 
however, in Fig. 9 are shown micrographs of cast copper supplied by 
the Western Electric Company. The specimen 9h was taken from 
near the edge of the ingot. The appearance of the micrograph suggests 
a very fine laminated structure within the grain. Figure 8 shows a 
micrograph of cast copper taken from the interior of an ingot; no 
evidence of laminated structure is shown, and this was typical of all 
specimens of cast copper or cast alloys of copper (other than that 
shown in Fig. 9b) which have been examined by the writers. 
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a 
From interior of ingot. Etched with concentrated nitric acid (x 400). 


From near edge of ingot (different copper from that shown in Fig. 9a). Etched with 
concentrated nitric acid (x 1300). 


Fic. 9. Mrcrocrarus or Cast Copper 
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Fig. 10. Microcraru or Fatigue Crack In RoLtitep AND ANNEALED Copprr (x 100) 
Unetched. 


The laminated structures, herring-bone structures, and, perhaps, 
the mottled structure found in the unstressed copper seem to show 
planes within crystalline grains which are particularly susceptible to 
chemical attack. Whether these planes are also indicators of struc- 
tural weakness is an interesting question on which a little light is 
thrown by the results of the repeated stress tests. It would be very 
interesting to find out whether these planes that are susceptible to 
chemical attack bear any relation to the characteristic planes of the 
space lattice of copper, but the writers have no data to offer on that 
question. 


9. Structure of Copper in the Vicinity of a Fatigue Crack.—Figures 
10, 11, 12, and 13 are micrographs of unetched specimens taken so as 
to show a fatigue crack developed as described on page 9. Figure 10 
is a micrograph of annealed drawn copper; Fig. 11 is a inicrograph 
of cold-drawn copper; Fig. 12 is a micrograph of cold-drawn copper 
repolished after the development of the fatigue crack; and Fig. 13 is a 
micrograph of cast copper from the Western Electric Co. 

Lucas in his study of fatigue cracks in Armeo iron reported a 
“disturbed region” round the crack. Figures 10 and 11 show such a 
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disturbed region very plainly for the drawn and annealed, and the 
cold-drawn copper. Figure 12 is interesting as showing that the evi- 
dences of the disturbed area are removed by repolishing. Figure 13% 
showing a fatigue crack in cast copper, gives little evidence of a dis- 
turbed region around the crack. This is in accord with the evidence 
shown by micrographs of copper etched after the development of a 
fatigue crack. 

In Figs. 14 and 15 a general tendency towards parallelism be- 
tween crack and disturbance lines is noted, while Figs. 15 and 16 
show disturbance lines apparently acting as advance agents for the 
progress of the crack. Figure 17 shows disturbance lines in drawn and 
annealed copper. 

Figures 18 and 19 are micrographs showing the appearance of 
cold-drawn copper in the vicinity of a fatigue crack after the surface 
of the metal had been etched with concentrated nitric acid. The 
disturbed region around the crack is less clearly marked than was the 
case for the unetched surfaces shown in Figs. 10 to 17, inclusive, and 
is shown as an out-of-focus blurred region at the edge of the crack. 
The crystalline structure of the copper is similar to that shown in 
Fig. 5, and no change in that structure is apparent. In certain places 
there seems to be a tendency for the crack to follow a path parallel 
to the laminae of the grains, but at other places the crack goes across 
these laminae. 

To the writers a study of Figs. 10 to 18, inclusive, suggests the 
following picture of the origin and spread of a fatigue crack in copper: 
The crack originates in surface disturbances such as are shown in 
Figs. 15 and 16. Once the crack is started it spreads inwards and also 
along the surface, the major factor governing its spread being the 
stress concentration at its edges, and a minor factor being local planes 
of weakness in different crystalline grains. The copper tested was 
almost free of inclusions; in Fig. 16 the incipient crack C is seen pass- 
ing at the edge of an inclusion, as was frequently found by Lucas in his 
study of Armco iron. In general, however, the inclusions are so few, 
except possibly in the case of cast copper, and so widely scattered that 
they do not affect the path of the crack in the copper specimens 
studied. 


III. CoNcLUSIONS 


10. Conclusions —As a result of the investigation the following. 
conclusions are given: 
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(1) By etching with concentrated nitric acid there was 
brought out in the rolled copper tested an intra-granular struc- 
ture consisting of laminae separated by planes especially sensitive 
to chemical attack. This structure was brought out in one speci- 
men of cast copper tested. 

(2) Specimens of rolled copper, subjected to repeated flexure 
until a fatigue crack developed, showed a surface disturbance of 
the metal in the vicinity of the crack. This surface disturbance 
seems analogous to that found by Lucas in Armco iron, but is 
much more clearly marked in the case of rolled cold-drawn 
copper. 

(3) The surface disturbance is shown in micrographs of un- 
etched specimens by lines. The crack as it forms tends to extend 
parallel to these lines, and the lines seem to develop ahead of the 
crack, and in the direction which the crack follows as it progresses. 
Polishing the surface of a specimen removed or covered up all 
traces of this disturbance. 

(4) The rolled copper tested had in it so few inclusions that 
any tendency of the crack to take a course from inclusion to in- 
clusion was not in evidence. 

(5) Specimens of rolled copper etched after the development 
of a fatigue crack showed no evidence of any change in crystalline 
structure, and after the surface had been eaten away by the 
etching reagent the disturbed region in the vicinity of the crack 
was much less in evidence than on the unetched surface. 
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Fic. 11. Microcraps or Fattcur Crack 1n Conp-prAwNn Copper (x 100) 
Unetched. 


Fic. 12. Microcraru or Fatigue Crack IN CoLD-DRAWN CopprEr, REPOLISHED AFTER 
DEVELOPMENT OF Crack (x 100) 
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Fic. 13. Microerapx or Faticun Crack 1 
Unetched, 


N Cast Copper (x 800) 
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Tic. 14. MicrocrarxH or DisturBANCE LINES AROUND FATIGUE CRACK 
IN CoLp-DRAWN CopprErR (x 800) 
Unetched. 
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15. Microcrarus or Distursance Lings AROUND AND AHEAD OF 
Faticur Cracks 1x CoLp-pRAWN Copprr (x 800) 
Unetched, 


A, end of a crack; B, incipient crack, 
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Fic. 16. Mricrocraru or Surrace DisturBANCE LINES SHOWING PossrBLeE ForMa- 
TION OF FATIGUE CRACK IN COLD-DRAWN CoPPER (x 800) 
Unetched. CC, incipient crack. 
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MicrocrapH or DISTURBANCE LINES AHEAD OF A FATIGUE CRACK 
IN Routtep AND ANNEALED Copper (x 800) 
End of crack not in field of view. Unetched. 
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Fig. 18. Microcrary or Fatigue Crack IN CoLD-DRAWN COPPER 
Etched with concentrated nitric acid. 


(x 800) 
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Fia. 19. Mrcrocrary or F 


Etched with concentrated nitric acid, 


ATIGUE CRACK IN CoLp-pRAWN CoppER (x 800) 
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Fig. 20. Microgrars or Faticun Crack 1n Cast Coppmr (x 800) 
Etched with concentrated nitric acid. 
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Bulletin No.120. Investigation of Warm-Air Furnaces and Heating Systems, 
by A. C. Willard, A. P. Kratz, and V.S. Day. 1921. Seventy-five cents. 
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by Rexford Newcomb. 1921. Forty-five cents. 

Bulletin No. 122. The Thermal Conductivity and Diffusivity of Concrete, by 
A. P. Carman and R. A. Nelson. 1921. Twenty cents. 

Bulletin No. 123. Studies on Cooling of Fresh Concrete in Freezing Weather, 
by Tokujiro Yoshida. 1921. Thirty cents. 

Bulletin No.124. An Investigation of the Fatigue of Metals, by H. F. Moore 
and J. B. Kommers. 1921. Ninety-five cents. 

Bulletin No. 125. The Distribution of the Forms of Sulphur in the Coal Bed, 
by H. F. Yancey and Thomas Fraser. 1921. Fifty cents. 

Bulletin No.126. A Study of the Effect of Moisture Content upon the Ex- 
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Bulletin No. 127. Sound-Proof Partitions, by F. R. Watson. 1922. Forty- 
five cents. 

Bulletin No. 128. The Ignition Temperature of Coal, by R. W. Arms. 1922. 
Thirty-five cents. 

Bulletin No.129. An Investigation of the Properties of Chilled Iron Car 
Wheels. Part I. Wheel Fit and Static Load Strains, by J. M. Snodgrass and 
F. H. Guldner. 1922. Fifty-five cents. 

Bulletin No. 130. The Reheating of Compressed Air, by C. R. Richards and 
J. N. Vedder. 1922. Frfty cents. 

Bulletin No. 131. A Study of Air-Steam Mixtures, by L. A. Wilson with 
C. R. Richards. 1922. Seventy-five cents. 

Bulletin No. 132. A Study of Coal Mine Haulage in Illinois, by H. H.Stoek, 
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Bulletin No. 133. A Study of Explosions of Gaseous Mixtures, by A. P. 
Kratz and C. Z. Rosecrans. 1922. Fifty-five cents. 

Bulletin No.134. An Investigation of the Properties of Chilled Iron Car 
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Strength of Flange, by J. M. Snodgrass and F. H. Guldner. 1922. Forty cents. 
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tained without charge by addressing the Engineering Experiment Station, Urbana, Ill. 

*A limited number of copies of bulletins starred are available for free distribution. 
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Circular No. 10. The Grading of Earth Roads, by Wilbur M. Wilson. 1923. 
Fifteen cents. 

Bulletin No. 135. An Investigation of the Properties of Chilled Iron Car 
Wheels. Part III. Strains Due to Brake Application. Coefficient of Friction and 
Brake-Shoe Wear, by J. M. Snodgrass and F. H. Guldner. 1923. Fifty cents. 

Bulletin No. 136. An Investigation of the Fatigue of Metals. Series of 
1922, by H. F. Moore and T. M. Jasper. 1923. Fifty cents. 

Bulletin No. 137. The Strength of Conercte; its Relation to the Cement, 
Aggregates, and Water, by A. N. Talbot and F. E. Richart. 1923. Srxty cents. 

Bulletin No. 138. Alkali-Vapor Detector Tubes, by Hugh A. Brown and 
Chas. T. Knipp. 1923. Twenty cents. 

Bulletin No. 139. An Investigation of the Maximum Temperatures and Pres- 
sures Attainable in the Combustion of Gaseous and Liquid Fuels, by G. A. Good- 
enough and G. T. Felbeck. 1923. Eighty cents. 

Bulletin No. 140. Viscosities and Surface Tensions of the Soda-Lime-Silica 
Glasses at High Temperatures, by E. W. Washburn, G. R. Shelton, and E. E. 
Libman. 1924. Forty-five cents. 

Bulletin No. 141. Investigation of Warm-Air Furnaces and Heating Sys- 
tems. Part II, by A. C. Willard, A. P. Kratz, and V. 8. Day. 1924. Eighty-five 
cents. 

Bulletin No. 142. Investigation of the Fatigue of Metals; Series of 1923, by 
H. F. Moore and T. M. Jasper. 1924. Forty-five cents. : 

Circular No. 11. The Oiling of Earth Roads, by Wilbur M. Wilson. 1924. 
Fifteen cents. 

Bulletin No. 143. Tests on the Hydraulics and Pneumatics of House Plumb- 
ing, by H. E. Babbitt. 1924. Forty cents. 

Bulletin No. 144. Power Studies in Illinois Coal Mining, by A. J. Hoskin 
and Thomas Fraser. 1924. Forty-five cents. 

Circular No. 12. The Analysis of Fuel Gas, by 8S. W. Parr and F. E. Vanda- 
veer. 1925. Twenty cents. 

Bulletin No.145. Non-Carrier Radio Telephone Transmission, by H. A. 
Brown and C. A. Keener. 1925. Fifteen cents. 

Bulletin No. 146. Total and Partial Vapor Pressures of Aqueous Ammonia 
Solutions, by T. A. Wilson. 1925. Twenty-five cents. 

Bulletin No. 147. Investigation of Antennae by Means of Models, by J. T. 
Tykociner. 1925. Thirty-five cents. 

Bulletin No. 148. Radio Telephone Modulation, by H. A. Brown and C. A. 
Keener. 1925. Thirty cents. 

Bulletin No.149. An Investigation of the Efficiency and Durability of Spur 
Gears, by C. W. Ham and J. W. Huckert. 1925. Fifty cents. 

Bulletin No. 150. A Thermodynamic Analysis of Gas Engine Tests, by C. Z. 
Rosecrans and G. T. Felbeck. 1925. Fifty cents. 

Bulletin No. 151. A Study of Skip Hoisting at Illinois Coal Mines, by Arthur 
J. Hoskin. 1925. Thirty-five cents. 

Bulletin No. 152. Investigation of the Fatigue of Metals; Series of 1925, by 
H. F. Moore and T. M. Jasper. 1925. Fifty cents. 

*Bulletin No. 153. The Effect of Temperature on the Registration of Single 
Phase Induction Watthour Meters, by A. R. Knight and M. A. Faucett. 1926. 
Fifteen cents. 

*Bulletin No.154. An Investigation of the Translucency of Porcelains, by 
C. W. Parmelee and P. W. Ketchum. 1926. Fifteen cents. 

Bulletin No. 155. The Cause and Prevention of Embrittlement of Boiler 
Plate, by S. W. Parr and F. G. Straub. 1926. Thirty-five cents. 
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Bulletin No.156. Tests of the Fatigue Strength of Cast Steel, by H. F. 
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*Bulletin No. 157. An Investigation of the Mechanism of Explosive Reac- 
tions, by C. Z. Rosecrans. 1926. Thirty-five cents. 

*Circular No. 13. The Density of Carbon Dioxide with a Table of Recalcu- 
lated Values, by 8. W. Parr and W. R. King, Jr. 1926. Fifteen cents. 
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by P. W. Ketchum, A. E. R. Westman, and R. K. Hursh. 1926. Fifteen cents. 

*Bulletin No. 158. The Measurement of Air Quantities and Energy Losses in 
Mine Entries, by A. C. Callen and C. M. Smith. 1926. Forty-five cents. 

*Bulletin No.159. An Investigation of Twist Drills. Part II, by B. W. Bene- 
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Moore, S. W. Lyon, and N. P. Inglis. 1927. Thirty cents. 

Bulletin No. 165. A Study of Fatigue Cracks in Car Axles, by H. F. Moore. 
1927. Fifteen cents. 

Bulletin No. 166. Investigation of Web Stresses in Reinforced Concrete 
Beams, by F. E. Richart. 1927. Srxty cents. 
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and a Three-Degree Curve, by Edward C. Schmidt. 1927. Twenty-five cents. 
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ance, by Maurice K. Fahnestock. 1927. Twenty cents. 
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Mine Entries. Part II, by Alfred C. Callen and Cloyde M. Smith. 1927. Forty- 
five cents. 

*Bulletin No.171. Heat Transfer in Ammonia Condensers, by Alonzo P. 
Kratz, Horace J. Macintire, and Richard E. Gould. 1927. Thirty-five cents. 

*Bulletin No. 172. The Absorption of Sound by Materials, by Floyd R. Wat- 
son. 1927. Twenty cents. 

*Bulletin No. 173. The Surface Tension of Molten Metals, by Earl E. Lib- 
man. 1928. Thirty cents. 

*Circular No. 16. A Simple Method of Determining Stress in Curved Flex- 
ural Members, by Benjamin J. Wilson and John F. Quereau. 1928. Fifteen cents. 

*Bulletin No.174. The Effect of Climatic Changes upon a Multiple-Span 
Reinforced Concrete Arch Bridge, by Wilbur M. Wilson. 1928. Forty cents. 

*Bulletin No.175. An Investigation of Web Stresses in Reinforced Concrete 
Beams. Part II. Restrained Beams, by Frank E. Richart, and Louis J. Larson. 
1928. Forty-five cents. 
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